The VLT survey telescope is the latest telescope installed at European Southern Observatory's Paranal observatory that is considered one of the best sites for optical astronomy for the excellent seeing conditions. The exceptional quality of the site imposes tight requirements for the telescope tracking system that shall perform very well to fully exploit the extreme sharpness of the Chilean sky. We describe the specific solutions adopted for pointing, servo and guiding systems and the results obtained during the commissioning of the telescope. The hardware implementation relies on industry components and the control solutions privilege both the performance and the future maintainability of the system.
I. INTRODUCTION
The control of telescope axes has been implemented with different hardware and control solutions in previous telescopes and antennas projects. For a good review and discussion of possible implementations see Ref. 1 . Specific solutions are discussed for optical telescopes, e.g., in Refs. 2 and 3 for the 8.2-m Very Large Telescope (VLT), in Ref. 4 for the 10-m Gran Telescopio Canarias, in Refs. 5 and 6 for the 3.5-m Telescopio Nazionale Galileo (TNG); examples of similar applications are described in Ref. 7 for the 17-m major atmospheric gamma-ray imaging Cherenkov telescopes, in Ref. 8 for the 50-m large millimeter telescope radiotelescope, in Ref. 9 for the 34-m and 70-m antennas of the NASA deep space network (DSN).
The tracking system of an optical telescope must stabilize very accurately the position of the image on the scientific detector. This is a critical task with a direct influence on the performance of the whole instrument. The mission can be accomplished only through good performance of the pointing, servo and guiding systems. These three systems cooperate in complementary ways. The servo control system is designed to minimize the difference between the desired reference trajectory and the encoder feedback. But even if this task is perfectly accomplished and the error is virtually zero, still the image can significantly drift on the detector; this happens because the encoders do not measure the orientation of the beam and no telescope mount can be ideal. Therefore, the axes encoders cannot be the ultimate feedback that shall come unavoidably from the movement of the image on the detector. The discrepancies are due to imperfections and deformations of the mechanical construction: typical errors are the nonexact alignment of the axes, the deformation of the telescope structure, the non-perpendicularity of the axes, and the zero point offsets. These imperfections are taken into account in the pointing model, which is included in the generation of the reference positions for the axes servo control. Therefore, a good pointing model does not improve just the "pointing" itself but also contributes to stabilize the image on the detector, removing most of the star drift. The residual drift is removed by the auto-guiding system, using an outer control loop where the controlled variable is the position of the star on the detector. The specific and in some cases innovative solutions adopted for the VLT Survey Telescope (VST) are discussed below.
II. OVERVIEW OF THE TELESCOPE
The VST 10 ( Fig. 1) is a wide-field optical imaging telescope with a 2.6-m aperture, operating from the ultraviolet to the near-infrared (z -band) with a corrected field of view of 1
• ×1
• . It is currently the largest telescope in the world designed specifically for surveying the sky in visible light. The telescope is equipped with an active optics system based on a Shack-Hartmann wavefront sensor. Conceived for the superb environment of the Paranal Observatory (Chile), it features an f/5.5 modified Ritchey-Chretien optical layout, a two lens wide-field corrector with the dewar window acting as a third lens or, alternatively, an atmospheric dispersion compensator coupled with a single lens wide-field corrector plus the dewar window, an active primary mirror, a hexapod driven secondary mirror, and an alt-azimuthal mounting. Its single focal plane instrument, OmegaCAM, 11, 12 is a large format (16k×16k pixels) CCD camera contributed by the Omega-CAM consortium (Netherlands, Germany, Italy, ESO), composed by a mosaic of 32 2K×4K scientific CCDs arranged in an 8 × 4 matrix. The camera provides an alternative curvature wavefront sensor and guiding system based on four additional CCDs at the outer edge of the mosaic that are outside the scope of this paper. The VST is the result of a joint venture between ESO (European Southern Observatory) and the INAFCapodimonte Astronomical Observatory in Naples, formerly an independent institution and since 2002 a structure of the Italian National Institute for Astrophysics (INAF). The telescope has officially started the operations in Paranal in the second half of 2011. Further details on the telescope subsystems are discussed in Ref. 13 for the image quality error budget, [14] [15] [16] [17] [18] [19] for the primary mirror support and safety system, [20] [21] [22] [23] for the secondary mirror support system, 24, 25 for the control simulations, [26] [27] [28] for the preliminary activities on axes control, 29, 30 for the adapter-rotator and the atmospheric dispersion corrector, 31 and for the alignment.
III. TELESCOPE TRACKING
The scheme of the VST tracking system is shown in Fig. 2 , whose details are further discussed below. The telescope has an alt-azimuth mount, thus the field rotation has to be compensated by the rotation of the instrument; consequently, the tracking axes are three: azimuth, altitude, and rotator. Their errors contribute to the image displacement in different ways. The altitude oscillations are directly transmitted to the image and are usually the most dangerous, because the wind disturbance mainly affects the altitude axis. On the contrary, the azimuth oscillations are scaled by the cosine of the altitude angle, a factor which reduces the azimuth contribution to the effect on the image, especially when the telescope is near the zenith. Finally, the effect of the rotation error on the image quality is proportional to the image scale I s and to the physical distance r from the centre of rotation, that is normally rather small. The maximum error e M occurs at the maximum distance r M from the centre: e M = e ROT r M I s .
(
The VST detector is the OmegaCAM square mosaic of CCDs, of about 24 cm side. Although it is much larger than the detectors of the traditional telescopes, still Eq. (1) gives e M ≈ 0.01e ROT , i.e., the tolerable rotator error is two orders of magnitudes greater than for altitude and azimuth, relaxing the servo requirements.
The basic tracking specification was set on the stability of the image as seen on the guide probe, with autoguiding system active: the root mean square (RMS) error should not exceed 0.1 arc sec. This specification imposes tight requirements on the individual axes servo errors, which should consequently be of the order of some 0.01 arc sec RMS for azimuth and altitude, and of some arc sec for the rotator.
IV. FUNCTIONAL REQUIREMENTS
Although the performance in terms of image stability is the most important specification for the control system, there are also other essential functional requirements, e.g.:
r the slewing of the axes shall be reasonably quick; r the system shall always converge to tracking phase after the application of offsets; r the tracking system shall be able to reject the wind disturbance, respecting the environmental requirements (e.g., the telescopes shall be able to work in Paranal with wind speed v ≤18m/s); r the system behavior shall be reliably the same in any position of the telescope in the operating range; r the system shall be safe to avoid damages to the telescope and the people; r the reliability shall be assessed to minimize the technical downtime; r the hardware and software shall be easily maintainable by the local staff.
These requirements need sometimes contrasting solutions, but the control system must fulfill all of them through the appropriate trade-offs.
V. SERVO SOLUTIONS

A. Position feedback
The position feedback is provided by high quality incremental encoders equipped with distance-coded reference marks, which convert a rotation into signals. They are glass discs with a circular scale (72 000 lines), with radial grating and reference marks, produced by Heidenhain GmbH. The absolute position is established during the initialization procedure, traversing two adjacent reference marks; this is possible because the relative distance of two reference marks is never identical, i.e., the distances are the absolute codes. Four scanning units, offset to each other by 90
• , are attached to the circular scale. Each scanning field illuminates the circular scale using the transmitted light method. The resulting light-dark modulation is converted into electrical signals by a photodetector; then the encoder electronics further subdivides the signal periods 4096-fold. Eccentricity and deformation errors are removed by computing the mean values of the respective output signals of the four scanning units. The overall resolution of the encoder system, averaging the four scanning heads, is about 0.001 arc sec, i.e., one order of magnitude lower than the precision that is required to the control system.
B. Velocity feedback
The motors are provided with tachometers, but normally the velocity feedback is obtained by differentiating the encoder readings, because this method has provided experimentally a less noisy signal. The tachometers are used only in the initialization phase, when the axes shall be moved at a constant speed for a few degrees in order to identify their absolute position, traversing two adjacent distance coded reference marks. In this phase, the encoder readings are not available yet, thus the tachometers are the only possible feedback.
C. Motors and torque handling
The axes motors and their drives are Moog Inc. commercial components. The brushless servomotors transmit the motion to gear wheels; four motors are installed for azimuth and altitude, and only two are installed for the rotator. Although the motor drives could be used to close also the control loops, connecting analogue feedback signals, this capability is not used and they are configured to behave just as power amplifiers. Both position and speed control loops are implemented digitally within the software running on local control units, based on the VERSAModule Eurocard (VME) bus: this choice gives total freedom in the controllers design. Indeed, all the axes are equipped by pairs of motors. In case of altitude axis, two pairs of motors are physically coupled to two separate gear wheels, located on opposite sides of the telescope; on the contrary azimuth has two pairs of motors acting on a single gear, while the rotator has just one pair of motors on one gear. The gear transmission might cause the well-known problem of backlash clearance at pinions. This potential problem is prevented by the application of a constant torque bias to the motors, i.e., the motor torques are computed according to Eqs. (2) and (3):
where τ is the overall torque (output from the speed controller), τ p is the preload torque, and N is the number of motors (N = 4 for azimuth and altitude; N = 2 for the rotator). Figure 3 shows graphically the sharing of torque between the motors using a torque bias. According to Eqs. (2) and (3), when the sign of τ changes, there shall be always half of the motors still pushing in the opposite direction: therefore, for each pair of motors, only one of the pinions loses the contact with the gear, going in the backlash clearance. Thus, there is no possibility that all motors go simultaneously in the backlash area between the gear teeth. The effectiveness of the approach depends on the amount of torque bias: the countertorque τ p shall come from a trade-off, because it must be large enough to lead the axis through the gap, but also small enough to prevent excessive friction. Similar torque bias solutions were adopted for other optical telescopes like TNG 5 and for DSN antennas. 32 The advantage from the application of the preload torque is especially perceptible when the axis moves at almost zero speed and reverses its direction. In the altitude case this is a common condition that happens when the meridian is crossed; in the azimuth case it happens for circumpolar objects.
VI. BALANCING
An obvious prerequisite to the servo control work is the mechanical balancing of the telescope. In the case study it is hard to reach the ideal balancing because the telescope has several moving parts that are not inherently symmetric. This is especially true for the bottom side, where the rotation of the instrument with its electronic cabinets generates significant balancing differences (Fig. 4) . This had some tricky consequences during the commissioning of the telescope: the cause of a sporadic problem on altitude was ascribed, rather surprisingly, to the unbalancing of the rotating cabinets of the instrument electronics, which had been previously considered negligible because it had no effect on the rotation of its own axis. The solution was smooth: the rotating flange carrying the electronics was better balanced and the maximum torque available for altitude was increased. Thus, the step before the control parameters tuning was mandatorily an accurate balancing of altitude and rotator axes that were fully validated in any telescope position and operating condition.
VII. SERVO CONTROL
Once the telescope axes are balanced and supplied with a sufficient torque, usually the cross-disturbances are negligible. This is also the case in VST: during the tracking phase the three axes can be considered independently. A small interaction can be observed only during the preset phase, when one axis has just switched to the tracking phase and the others are still slewing faster to the target position; however, this little effect has no consequence on the image quality and can be neglected, with no loss of accuracy and functionality. Therefore, the control of the three axes could be designed independently, although sharing the same structure: the three axes are controlled with two nested positions and speed control loops (Fig. 2) .
In a telescope, the two phases of slewing and tracking are rather different by the control point of view, because the tracking is almost static and shall have very small trajectory following errors, while the slewing is much faster. Therefore, a conventional controller with a static structure and constant parameters should be designed as a trade-off between contrasting necessities and would not be optimal. Thus, in VST the controllers have been implemented with a variable structure to self-adapt to the different needs during the different phases of slewing and tracking. Furthermore, as the telescope is operated in a remote desert environment, a special care was given to its maintainability, also in the control solutions. Therefore, the controllers have been designed starting from the solutions already implemented at the VLT, 33 because it was decided to keep a control structure well known to the local maintenance staff. However, the original controller structure has been modified during the commissioning of the telescope, introducing some necessary improvements, described in Secs. VII A-VII C.
A. Velocity controller
The velocity controller is a cascade of a PI (proportionalintegral) controller and a 4th order zero-pole filter described by Eq. (4):
Notch filters might also be added to attenuate resonances at specific frequencies. The parameters of Eq. (4) in the Zdomain have been computed starting from the continuous time form of the filter with a Tustin conversion, taking into account the sampling period T = 2 ms. The filter C v has been designed starting from the system identification of the transfer function between the torque command and the velocity feedback 27 that proved to be in reasonable agreement with the simulations done at the beginning of the project.
24, 25 Figure 5 shows the Bode diagram of the altitude axis filter, which is basically a low-pass filter with a larger attenuation on two specific frequencies.
B. Position controller
The structure of the position controller is variable, as it changes as a function of the position error. Basically, three controller structures are defined, for small, medium, and large errors, with configurable thresholds. The "small errors" con- troller is a PI filter that shall provide optimal performance during tracking. The "large errors" controller is active during slewing and provides a speed reference that is proportional to the square root of the position error:
For "medium errors," an interpolation between the large and small error controllers is needed. The VLT controller structure interpolated just the proportional action of the controller, but this solution was not optimal in the VST case: e.g., the application of repetitive small offsets, which for this survey telescope can be frequent, sometimes caused the position error to hang indefinitely in the "medium errors" range. No way was identified to remove this defect with a pure proportional controller, therefore, we introduced the novelty of interpolating the integral gain too, creating a variable integral action operating in a much wider error range. This solution allowed to boost the "medium errors" controller and ensured a reliable convergence of the position error to zero, in any condition.
The shape of the integral gain dependence of the error has been obtained by a linear interpolation of points (e.g., see Fig. 6 , where the function is composed by five straight lines intersecting in intermediate points). This method allows an easy tuning of the controller, generating any possible function with a straightforward implementation.
In the end, the variable structure controller implemented for VST has been a mixed evolution of the solutions adopted in VLT 33 and TNG, 6 another project that provided a heritage to this work, and the adopted solution was effective for both performance and maintenance aspects.
C. Performance
The servo control has to demonstrate to maintain an optimal level of performance in any possible condition. Therefore, it is necessary to perform a comprehensive set of tests, During some nights with wind speeds around the maximum operational limit, the robustness of the system against the external disturbance of the wind was verified too. Provided that the ventilation doors were closed and the windscreen was raised to its upper position, the telescope servo system proved to be unaffected by the most severe wind conditions allowed by the environmental specifications, obtaining identical results with respect to the same test executed with no wind (i.e., with the enclosure totally closed). The results described hereafter were obtained in the conditions of Fig. 7 , i.e., with a wind speed ranging from 15 to 20 m/s. rows point toward the motion direction, demonstrating there is no degradation in any of the two directions.
In Fig. 11 the raw servo errors of the three axes are superimposed; this direct comparison shows the rotator has the largest servo error, while the azimuth and altitude ones are comparable. Although the rotator error is the largest of the three, it has to be noted it is still more than one order of magnitude better than needed, because of Eq. (1). The slight difference between azimuth and altitude is mainly caused by the different speed ranges of the two axes: the maximum altitude speed at the latitude of Paranal is about 13 arc sec/s, i.e., rather moderate, while on the contrary the maximum azimuth speed becomes much larger going near the blind spot and is theoretically infinite at zenith. Summarizing, in most of the cases the azimuth travels faster than altitude and consequently it is foreseeable that the trajectory is followed with a little loss of accuracy. The rotator shares with azimuth the same considerations: the speed range is wide, thus the velocity is again typically much larger than the altitude one. Figures 12 (altitude), 13 (azimuth), and 14 (rotator) show the position errors during a typical tracking data collection of 3 min.
Comparing the commissioning results with the data previously collected during the preliminary tests in Italy, 28 a significant improvement can be observed: roughly azimuth is two times better, altitude is three times better, the rotator is more than ten times better. The reasons for the improvements are the new accurate setting of the controllers during the telescope commissioning, and the mechanical maintenance of   FIG. 10. Rotator tracking map results. FIG. 11. Tracking map results (az, alt, rot) . The x-axis shows the numbering of the tests. some components, as the rotator bearing which had presented friction problems at earlier stages in Italy.
The overall effect of the servo error on the image can be deducted from the individual axes errors: the rotator contribution is negligible, because the small values of Fig. 10 are further decreased by two orders of magnitudes by the application of Eq. (1); furthermore, the azimuth error contribution is lessened by the cos(ALT) factor. Taking into account these considerations, Fig. 15 shows the same altitude data of Fig. 8 , while the azimuth data are multiplied by cos(ALT) and the rotator data are neglected; within these approximations, the overall effect of the servo error on the image (shown with stars in Fig. 15 
Using Eq. (6), the estimate of the RMS servo error effect on the image gives an average value of 0.025 arc sec and a maximum value of about 0.04 arc sec.
VIII. POINTING MODEL
The VST tracking software adopts an analytical pointing model based on TPOINT TM software, as most of the advanced medium and large telescopes, which corrects the mechanical deviations from the ideal telescope. The pointing model parameters are calibrated by a set of pointing error measure- ments, collected in a set of different sky positions representative of the whole sky. Templates of about 20, 40, and 60 stars have been executed, with an automatic procedure which allows to complete the acquisition in a reasonably short time (e.g., about 1 h for the 40 stars template). A new pointing model is applied immediately to the telescope tracking software, just sending a command.
Indeed, although the measurement method is absolute, the quality of the results is incremental: starting from a bad model, or from no model, the errors are large and the final fit will likely be slightly inaccurate; a further iteration allows to improve the precision of the results. Therefore, the building of the model is an incremental process that always involves several steps, anytime the configuration of the telescope is changed, e.g., for alignment purposes. Sometimes, the model has been built exclusively to check its stability over time.
The TPOINT TM software allows to fit a huge number of parameters; the most commonly used are the six purely geometric terms that affect any alt-azimuth mount, and the tube flexure, described in Table I . Many other terms can be used to model cyclic errors but, although fitting more terms produces a better mathematical result in terms of a lower RMS error of the fit, this does not necessarily correspond to a real positive effect, i.e., maybe the additional terms fit just the noise of the single set of measurements. Thus, unless some of these FIG. 14. Rotator tracking error vs time. additional terms have been identified very clearly, they have been removed from the fit.
The quality of the model is expressed by the RMS value of the fit in arc sec units. In the VST case this value is about 1 arc sec, with a range of results during the telescope commissioning typically between 0.8 and 1.2 arc sec. The graphical representation of a pointing modeling session is shown in Fig. 16 for a set of 40 stars. All the stars are enclosed in a 2 arc sec circle, while the inner circle of 0.8 arc sec represents the RMS error. These values are better than specifications (for this wide-field imaging telescope the requirement was a RMS error not greater than 5 arc seconds) and comparable with the other telescopes in Paranal (e.g., see Ref. 34 for the ESO Auxiliary Telescopes (ATs) pointing performance).
The good quality of the telescope pointing relaxes the auto-guiding system job, because the image remains rather stable during the typical VST exposure times of few minutes, even without auto-guider.
IX. AUTOGUIDING
The telescope autoguider is based on a probe system which takes the light from an off-axis star and sends it to a guide camera, where the image is recorded on a CCD; the movement of the centroid is removed sending appropriate corrections to the telescope axes (see upper part of Fig. 2 ). In the VST probe system a pick-up mirror that can be positioned around the science object in (r,θ ) coordinates deflects the light to a guiding camera composed by lenses and a technical CCD. Indeed, the light is split in two orthogonal arms by a dichroic that feeds also the wavefront sensor arm (Fig. 17) . The inclination of the pick-up mirror depends on the distance from the center, because of the field curvature. The guiding camera best focus is also dependent on the position in the field, and can be adjusted with an additional servo mechanism. Therefore, anytime a guide star has to be captured, four servo mechanisms are activated in parallel: two for the positioning of the probe in polar coordinates, one for the angle of the pick-up mirror, and one for the focusing device (Fig. 2) . The system is theory-based, as all the positions of the four motorized functions have been computed off-line using ZEMAX TM raytracing software and the results have been implemented in the telescope control software for the generation of the mechanisms reference positions: the theoretical look up tables were validated successfully on the sky.
The image on the CCD is maintained stable with respect to the reference position, filtering the position error with a PII (proportional-double integral) controller, 35 and applying the computed corrections to the telescope axes. With a star magnitude m = 12, the sensitivity of the system allows to operate at a frequency of approximately 1 Hz.
Some results are shown in Fig. 18 . The size of the figure is 1 × 1 pixel; the circles represent the RMS errors measured on the guide probe without autoguider and the squares are the RMS errors with active guiding, during 10 min acquisitions. Activating the autoguiding system, the image motion is bounded within 0.1 arc sec, as desired from specifications.
X. CONCLUSIONS
We have presented the servo, pointing and guiding system of the VST. The pointing accuracy is at the level of 1 arc sec RMS, with a best score so far of 0.8 arc sec. The tracking axes have a blind tracking error against own encoders of the order of a few × 0.01 arc sec RMS. The guiding system enables an image centroid error on the guide probe smaller than 0.1 arc sec. Good performance has been measured also with wind speed up to 18 m/s, by closing the ventilation doors and using the wind-screen. Summarizing, the pointing, servo and guiding systems have been successfully designed and tuned, outperforming the specifications and reaching a level of performance comparable to the outstanding ESO telescopes installed on the same platform of Cerro Paranal.
